Phospholipase D (PLD) hydrolyzes phosphatidylcholine to generate phosphatidic acid. In mammalian cells this reaction has been implicated in the recruitment of coatomer to Golgi membranes and release of nascent secretory vesicles from the trans-Golgi network. These observations suggest that PLD is associated with the Golgi complex; however, to date, because of its low abundance, the intracellular localization of PLD has been characterized only indirectly through overexpression of chimeric proteins. We have used highly sensitive antibodies to PLD1 together with immunofluorescence and immunogold electron microscopy as well as cell fractionation to identify the intracellular localization of endogenous PLD1 in several cell types. Although PLD1 had a diffuse staining pattern, it was enriched significantly in the Golgi apparatus and was also present in cell nuclei. On fragmentation of the Golgi apparatus by treatment with nocodazole, PLD1 closely associated with membrane fragments, whereas after inhibition of PA synthesis, PLD1 dissociated from the membranes. Overexpression of an hemagglutinin-tagged form of PLD1 resulted in displacement of the endogenous enzyme from its perinuclear localization to large vesicular structures. Surprisingly, when the Golgi apparatus collapsed in response to brefeldin A, the nuclear localization of PLD1 was enhanced significantly. Our data show that the intracellular localization of PLD1 is consistent with a role in vesicle trafficking from the Golgi apparatus and suggest that it also functions in the cell nucleus.
INTRODUCTION
Inositol phospholipids play key roles not only in mediating signal transduction events but also in regulating intracellular vesicular transport (De Camilli et al., 1996) . The products of lipid hydrolysis act as potent messengers. Classical studies showed that phospholipase C-mediated hydrolysis of phosphatidylinositol 4,5 bisphosphate (PtdIns(4,5)P 2 ) generates diacylglycerol and inositol 1,4,5 triphosphate, which act as second messengers to activate protein kinase C and release intracellular calcium stores, respectively. Phospholipase D (PLD) is an enzyme that mediates the hydrolysis of phospholipids such as phosphatidylcholine to generate phosphatidic acid (PA). Recently, it has been shown that PA has multiple physiological functions in processes as diverse as exocytosis and endocytosis, cellular proliferation, senescence, and vesicular transport (Venable and Obeid, 1999; Liscovitch et al., 2000) .
Originally discovered in plants, cDNAs encoding several isoforms of PLD have been cloned in a wide array of species such as Saccharomyces cerevisiae, Caenorhabditis elegans, and mammalian species including humans. Two major isoforms of mammalian PLD-PLD1 and PLD2-have been characterized (Hammond et al., 1995; Colley et al., 1997) . Furthermore, PLD1 splice variants exist where PLD1a possesses a 38 amino acid insert absent from PLD1b. In addition to phospholipid hydrolysis, members of the PLD superfamily engage in a transphosphatidylation reaction. In the presence of primary alcohols, the phosphatidyl group is transferred to the alcohol to generate phosphatidyl-alcohol, rather than PA. Although PA can be generated from various sources, including diacylglycerol kinase and glycerol 3-phosphate acyltransferase, transphosphatidylation is a reaction that appears unique to PLD. Studies from several laboratories, in-cluding our own, have implicated PLD and PA synthesis in vesicle budding from the Golgi apparatus (Ktistakis et al., 1996; Chen et al., 1997; Siddhanta and Shields, 1998) . Recent work from our laboratory has shown that treatment of endocrine cells with low concentrations of 1-butanol (1-BtOH) causes inhibition of secretion, in part as a result of the fragmentation of the Golgi apparatus (Siddhanta et al., 2000) . These studies suggest that PLD1 isoforms are associated with Golgi membranes. Indeed, earlier work demonstrated that isolated Golgi membranes possess PLD activity activated by the small GTP binding protein ADP-ribosylation factor 1 (ARF-1) (Ktistakis et al., 1995) . This reaction was implicated in Golgi vesicle trafficking through coatomer recruitment (Ktistakis et al., 1996) , although this role is somewhat controversial (Stamnes et al., 1998) .
In contrast to these studies, recent results suggested a paucity of ARF-activated PLD activity associated with hepatocyte Golgi membranes (Jones et al., 2000) . Furthermore, morphological experiments in which HA-or GFP-PLD chimeric proteins were overexpressed in various different cell types localized PLD1 to the ER, secretory granules, and the lysosomal/endosomal compartment (Brown et al., 1998; Toda et al., 1999) . To resolve these apparent discrepancies in the intracellular localization of PLD1, we have further investigated the subcellular localization of endogenous PLD1 in cultured rat growth hormone-secreting GH 3 cells, NRK cells, and rat liver. Here we demonstrate that although endogenous PLD1 had a diverse distribution, it was present in the Golgi apparatus, and furthermore, significant levels of the enzyme were also evident in cell nuclei. (Marcil et al., 1997 ). An independently generated rabbit polyclonal antibody directed against the C-terminal fragment of PLD1 (amino acids 712-1074) (Yamazaki et al., 1999) was also used for some experiments. Rabbit antibody to TGN38 was a generous gift from Dr. Sharon Milgram (University of North Carolina, Chapel Hill, NC); mouse monoclonal antibody to mannosidase II (53FC3) was kindly provided by Dr. Brian Burke (University of Calgary, Calgary, Canada); rabbit anti-connexin43 was a gift of Dr. Eliot Hertzberg (Albert Einstein College of Medicine, Bronx, New York). Rabbit anti-rat lgp120 was a gift from Dr. Ira Mellman (Yale University Medical School, New Haven, CT). Mouse monoclonal antibody to Rab5 was purchased from Transduction Laboratories (Lexington, KY); Cy3-conjugated goat anti-rabbit secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA); FITC-conjugated goat anti-mouse secondary antibodies were from Cappel (Durham, NC). Mouse mAbs to HA were purchased from Boehringer Mannheim (Indianapolis, IN).
MATERIALS AND METHODS

Antibodies
Immunofluorescence Microscopy
GH 3 and NRK cells were grown on poly-l-lysine-coated glass coverslips as described (Austin et al., 1996; Lowe et al., 2000) . Cells were either untreated or pretreated with 5 g/ml brefeldin A (BFA) for 40 min, 1.5% 1-butanol for 40 min, or 10 M nocodazole for 4 h at 37°C, and fixed in 3% paraformaldehyde. Samples were incubated for 1 h at room temperature with primary antibodies diluted in solution I (0.5% BSA, 0.2% saponin, 1% fetal calf serum in PBS) before use. The samples were then treated with appropriate secondary antibodies also diluted in solution I. In some instances, cells were subsequently treated with 1 g/ml Hoechst 33258 (Sigma Aldrich, St. Louis, MO) for 10 min to stain the cell nuclei. After extensive washing, the coverslips were mounted onto slides and examined using an Olympus (Melville, NY) IX 70 microscope with 60ϫ N.A. 1.4 planapo optics using a Photometrics (Tucson, AZ) Censys cooled CCD camera. Z-series images were obtained through the depth of cells using a step size range of 0.1-0.4 m and projected using the maximum pixel method. Deconvolution was performed with a Vaytek (Fairfield, IA) PowerHazeBuster running on a Macintosh G3, and maximum pixel projections were rendered with I.P. Lab Spectrum (Scanalytics, Fairfax, VA). Images were processed using Adobe Photoshop software at identical settings. Controls were imaged to rule out background fluorescence or bleed-through between Cy3 and FITC channels.
Transfection of NRK cells
Cells were grown on poly-l-lysine-coated coverslips and transfected with DNA encoding HA-tagged human PLD1 using Effectene transfection reagents (Qiagen, Valencia, CA) according to the manufacturer's specifications. After 24 h exposure to DNA, the medium was replaced, and the cells were observed after 48 h of recovery.
Cryo-immunogold Electron Microscopy
GH 3 cells were fixed in 4% paraformaldehyde, 0.1% glutaraldehyde, 0.25 M HEPES, pH 7.4, and embedded in 10% gelatin. The cells were cryoprotected by infiltration with 2.3 M sucrose in PBS. After liquid nitrogen freezing, 90-nm sections were cut using a Leica (Nussloch, Germany) UCT cryoultramicrotome. Sections were placed on grids and immunolabeled with antibodies against PLD1 (P1-P4) followed by goat anti-rabbit IgG conjugated to 10-nm gold particles (Aurion, Wageningen, The Netherlands). Samples were then treated with 2% uranyl acetate, pH 7.0, and embedded in 0.75% methylcellulose. The grids were examined using a JEOL 1200 EX transmission electron microscope.
Determination of PLD Activity in Golgi Membranes Isolated from GH 3 Cells
Endogenous PLD activity was determined via transphosphatidylation using 1-butanol in an assay modified from Wakelam et al. 1995 (Siddhanta et al., 2000 . GH 3 cells were grown to ϳ70% confluency and radiolabeled with 6 Ci [9,10-3 H(N)]-oleic acid for 24 -36 h, after which they were harvested. The radiolabeled cells were homogenized, and the homogenate was loaded onto a sucrose equilibrium density gradient that was centrifuged for 15 h at 150,000 ϫ g av (Xu and Shields, 1993; Austin and Shields, 1996) . To determine PLD activity, each gradient fraction was incubated in the presence or absence of ARF-1 and 0.3% 1-butanol. The lipids were extracted with chloroform-methanol and analyzed by TLC (Chen et al., 1997) . Each gradient fraction was also assayed for the presence of TGN38 by immunoblotting (Austin and Shields, 1996) .
Preparation of Rat Liver Golgi Membranes
Golgi membranes were purified by adaptation of the method of Slusarewicz et al. (1994) (to be described elsewhere) (Sweeney and Shields, unpublished observations) using a sucrose step gradient. After gradient centrifugation of the rat liver homogenate, each fraction was assayed for sialyl transferase activity (Xu and Shields, 1993) as well as by Western blotting for the presence of TGN38, Rab5, and connexin43, -TGN, early endosome, and plasma membrane marker proteins, respectively. Immunoblotting using the rabbit polyclonal antibody P1-P4 was used to detect PLD1 in each gradient fraction.
RESULTS
PLD1 Localizes to the Golgi Apparatus
Previous work from our laboratory demonstrated PLD-stimulated release of growth hormone-containing nascent secretory vesicles from permeabilized rat anterior pituitary GH 3 cells. It was likely that this PLD activity was associated with Golgi membranes (Chen et al., 1997) . Consequently, our initial experiments were designed to determine the intracellular localization of endogenous PLD1 in these endocrine cells using immunofluorescence microscopy. To that end, we used a rabbit polyclonal antibody directed against several unique PLD1 peptides, designated P1-P4 (Figure 1) . Although PLD1 had a diffuse distribution including nuclear staining, the enzyme was also localized to distinct perinuclear regions of the cell corresponding to the Golgi apparatus, as evidenced by its colocalization with the medial Golgi marker enzyme, mannosidase II ( Figure 1 , A-C). It was possible that the apparent colocalization of PLD1 with mannosidase II resulted from overlap of the fluorescence signals between the Cy3 and the FITC channels. To exclude this possibility, GH 3 cells were treated with the anti-PLD1 antibody alone ( Figure 1A , inset); these cells manifested an identical pattern of PLD1 staining. In addition, the fine, lace-like ribbon staining of the Golgi apparatus was similar to our previous observations using antibodies directed against a bona fide TGN marker protein such as TGN38 (Siddhanta et al., 2000) .
Although unlikely (Ktistakis et al., 1996) , it was possible that the Golgi localization of PLD1 was a property exclusive to endocrine cells. To exclude this possibility, we examined the immunolocalization of the enzyme in NRK cells, a rat Figure 1 . Colocalization of PLD1 with Golgi markers in GH 3 cells. GH 3 cells were incubated with media alone (A-C) or with 1.5% 1-BtOH (D-F) for 40 min at 37°C. After incubation, the cells were prepared for double immunofluorescence microscopy (MATERIALS AND METHODS) using a rabbit antibody to PLD1 (A and D) and monoclonal antibody 53FC3 to the cis/medial Golgi marker mannosidase II (B and E). Mannosidase II was visualized using FITC-conjugated goat anti-mouse IgG, and PLD1 was localized using Cy3 goat anti-rabbit IgG. Each sample is from the same field of cells. To demonstrate overlap of PLD1 and mannosidase II, the images were merged (C and F); yellow regions indicate complete localization. (C) The arrow indicates overlap between PLD1 and mannosidase II. All micrographs are projected Z-series images using a cooled CCD camera (MATERIALS AND METHODS). Bar, 10 m. (A) Inset, single staining of GH 3 cells using antibody P1-P4 directed against PLD1 peptides; arrows indicate areas of PLD1 enrichment. kidney epithelial cell line used extensively in the study of Golgi organization (Lowe et al., 2000) (Figure 2 ). In these cells PLD1 also manifested a diffuse, reticular staining pattern; however, there was clear enrichment of PLD1 in the perinuclear Golgi region and considerable overlap with the lace-like staining of the cis-Golgi peripheral membrane protein GM130 (Figure 2 , D-F) and the medial Golgi enzyme, mannosidase II (A-C). To control for the specificity of PLD1 localization, a second antiserum raised against the C-terminal 300 amino acids of PLD1 was used ( Figure 2G) . A similar pattern of PLD1 staining exhibiting diffuse perinuclear Golgi localization was also apparent. Most importantly, both antisera showed significant enrichment of PLD1-immunoreactive material in the Golgi region of the cell. As a control for the specificity of the P1-P4 antiserum, peptide competition experiments were performed. The antiserum was preincubated with increasing concentrations of the PLD1 peptides before immunofluorescence microscopy ( Figure 2, H and I) . Even in the presence of the lowest concentration of competitor peptides (1.3 g), PLD1 immunostaining was abolished completely ( Figure 2H ) further demonstrating the fidelity of the antibody staining and its localization.
Given the pleiotropic functions of PLD (Liscovitch et al., 2000) , it was likely that the enzyme was present on other organelles in addition to the Golgi apparatus. To investigate this possibility, PLD1 localization to the ER, late endosomes/lysosomes, and plasma membrane/early endosomal compartments was determined using antibodies to BiP, lgp120, and the transferrin receptor, respectively (Figure 3) . No significant overlap was observed between PLD1 and BiP when NRK cells were stained with antibodies to these two proteins. Unlike PLD1, BiP had a diffuse reticular pattern characteristic of the ER, suggesting that little PLD1 was present in this compartment (Figure 3 , A-C). Similar results were obtained on quantitative analysis of EM gold-labeled cryoelectron micrographs, where PLD1 displayed little localization in the ER (Table 1) . In contrast, staining with antibodies to lgp120, a membrane protein present in late endosomes and lysosomes, showed partial overlap between PLD1 in the perinuclear Golgi region but little colocalization in peripheral lysosomes (Figure 3, D-F) . Similarly, there was overlap in localization between PLD1 and the transferrin receptor in the Golgi region, but little, if any, costaining of the plasma membrane or transferrin-containing endosomes (Figure 3, G and H) . Together, these results suggest that in NRK cells, although endogenous PLD1 exhibits a diffuse staining pattern, it does localize to the perinuclear Golgi region and overlaps with proteins that exit and/or recycle through the trans-Golgi compartment.
The immunofluorescence data suggested that PLD1 was present in Golgi stacks. To confirm that PLD1 was localized throughout the Golgi apparatus in GH 3 cells, we used immunogold labeling of ultrathin cryosections incubated with the P1-P4 antibody (Figure 4) . Gold particles were evident in the Golgi apparatus and on multiple saccules, indicating that PLD1 was present throughout the organelle and not enriched in particular cisternae. No staining was seen in the absence of either the P1-P4 antibody or secondary goldconjugated antibodies. In agreement with the immunofluorescence data, gold particles were also evident in the nucleus ( Figure 4B ). Quantitative analysis of the immunogold distribution demonstrated that ϳ25% of PLD1 was associated with the Golgi apparatus and 28% with nuclei (Table 1) . Most significantly, these data confirmed the immunofluorescence microscopy results and demonstrated that PLD1 is present on membranes of the Golgi apparatus.
Recent work from our laboratory demonstrated that during treatment with low concentrations of 1-BtOH, which inhibits production of phosphatidic acid, the Golgi apparatus undergoes complete fragmentation; this correlates with diminished PtdIns(4,5)P 2 synthesis (Siddhanta et al., 2000) . We argued that if PLD1 were tightly associated with Golgi membranes via this lipid, then on inhibition of PtdIns(4,5)P 2 synthesis, the enzyme would dissociate from the membrane. After treatment with 1-BtOH, the Golgi lace-like perinuclear staining of mannosidase II was completely disrupted, as was that of PLD1 (Figure 1, D-F) . In agreement with our idea, although some PLD1 localized to the fragmented Golgi apparatus, much of the PLD1 and mannnosidase II colocalization was disrupted. This suggested that PLD may have dissociated from the membrane. It is noteworthy that the PLD1 nuclear staining was largely unaffected by alcohol treatment. Furthermore, the distribution of the ER markers calnexin, ribophorin I, and BiP was unaffected by 1-BtOH treatment (our unpublished results).
Brefeldin A and Nocodazole Affect PLD1 Localization
BFA disrupts the structure of the Golgi apparatus, leading to redistribution of Golgi enzymes into the ER (LippincottSchwartz et al., 1989) . In contrast, fragmentation of the Golgi in response to nocodazole, which depolymerizes microtubules, causes clumping of Golgi-derived vesicles at the cell periphery. It was of interest, therefore, to compare the localization of PLD1 when cells were treated with either of these drugs ( Figure 5 ). In contrast to control cells, BFA-treated GH 3 cells exhibited little or no distinct perinuclear mannosidase II staining. Instead, they showed a very diffuse localization consistent with an ER localization, confirming previous observations (Lippincott-Schwartz et al., 1989) . Similarly, the Golgi localization of PLD1 was greatly diminished and also had a diffuse reticular appearance. Surprisingly, the nuclear localization of PLD1 was enhanced in response to BFA treatment ( Figure 5A ). Disruption of the Golgi apparatus by nocodazole resulted in the fragmentation of PLD1 immunoreactive material; however, unlike treatment with 1-BtOH, PLD1 exhibited tight colocalization with mannosidase II-containing Golgi fragments ( Figure 5 , D-F). In contrast to BFA treatment, there was no enhancement of nuclear PLD1 localization in nocodazole-treated cells (compare A and D) . Taken together, these data strongly suggest that although PLD1 manifests a diffuse staining pattern in cells, a significant fraction of the enzyme is tightly associated with the Golgi apparatus.
Subcellular Fractionation
To confirm that PLD1 was associated with Golgi membranes, subcellular fractionation was used. Two different cell types were used to separate the Golgi apparatus from other organelles: namely, the hormone-producing GH 3 cells and rat liver cells, which possess regulated and constitutive secretory pathways, respectively. When the homogenate from GH 3 cells was fractionated on an equilibrium density gradi- PLD1 localization with different organelles in rat NRK cells. Cells were prepared for immunofluorescence microscopy and incubated with rabbit anti-P1-P4 antibodies to PLD1 and costained with mAbs to the ER protein BiP, with the late endosome/lysosome marker lgp 120, or with a marker for the plasma membrane and early endosomes, transferrin receptor. Note the partial overlap between PLD1 with lgp120 and transferrin receptor but only minimal colocalization with BiP. Bar, 10 m.
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ent, which separates the ER from the Golgi apparatus, PLD enzyme activity was present in those fractions containing Golgi marker enzymes, and its specific activity was enriched ϳ10-fold over the homogenate (Figure 6 , fractions 2 and 3). PLD activity was also detected near the load zone of the gradient and in fraction 7; the latter corresponds to plasma membrane material (Austin et al., 1996) ; however, the specific activity of this enzyme was Ͻ10% of the Golgi membrane fractions. Rat liver Golgi membranes were isolated by gradient centrifugation, and fractions were assayed for activity of the trans-Golgi enzyme sialyl transferase and markers of early endosomes (Rab5), plasma membrane (connexin43), as well as endogenous PLD by Western blotting (Figure 7) . Rab5 was present mostly at the top of the gradient (fractions 1-10), and no significant levels were detected in the Golgi membrane fractions. Sialyl transferase activity was enriched in fractions 23-29, which also had the highest levels of TGN38 immunoreactivity (fractions 27-29). Approximately 26 -30% of total PLD1-immunoreative material was also present in these Golgi fractions that lacked connexin43, an integral membrane protein of hepatocyte gap junctions ( Figure 7 ). Additionally, a significant level of PLD1 was present in the connexin43-enriched plasma membrane fractions 31-39, consonant with its activity in multiple or- The subcellular distribution of PLD1 immunoreactive gold particles was quantitated from 14 cells. The percentage of total gold particles within each organelle was calculated. The designation "Other" refers to mitochondrial and vesicular cytosolic structures. ganelles (Liscovitch et al., 2000) . These biochemical data support the immunolocalization results and together suggest that a significant fraction of PLD1 is associated with Golgi membranes in cells with either constitutive or regulated secretory pathways.
Overexpression of PLD1 Leads to Its Mislocalization
Previous studies (Brown et al., 1998; Toda et al., 1999) in which epitope-tagged forms of PLD1 were overexpressed in several different cell types suggested that the enzyme is present in lysosomes, endosomes, and secretory granules but largely absent from the Golgi apparatus. On the basis of the foregoing data, we hypothesized that overexpression of PLD1 may result in its mislocalization to post-Golgi compartments. To test this idea, an expression plasmid encoding HA-tagged PLD1 (Colley et al., 1997) was transiently transfected into NRK cells, and the localization of total PLD1 was compared with that of the exogenously expressed enzyme (Figure 8 ). High levels of overexpressed PLD1 resulted in the absence of significant Golgi region staining (Figure 8 , D-F). Instead, PLD1-immunoreactive material was evident in a heterogeneous population of small and large peripheral vesicular structures; however, in cells that expressed relatively low levels of the HA-tagged enzyme (Figure 8 , A-C), immunoreactive PLD1 was evident in the perinuclear Golgi region (Figures 1 and 2 ). These results demonstrated that overexpression of PLD1 resulted in significant mislocalization of the enzyme from the perinuclear Golgi region to a heterogeneous class of vesicular structures.
DISCUSSION
Different forms of PLD have been implicated in mediating various key processes in cell metabolism, including cell division, signal transduction, and vesicle trafficking (Lisco- Figure 5 . Brefeldin A and nocodazole alter the localization of Golgi-associated PLD1. GH 3 cells were incubated with 5 g BFA/ml for 40 min (A-C) or with 10 M nocodazole for 4 h at 37°C (D-F). After incubation, the cells were prepared for microscopy using the rabbit PLD1 antibody (P1-P4) or the 53FC3 monoclonal antibody to mannosidase II. PLD1 and mannosidase II were visualized using appropriate anti-rabbit and anti-mouse IgG antibodies (Figures 1 and 2 ). (C and F) Inset, nuclear staining with Hoechst 33258 dye. Note overlap between cell nuclei and PLD1. Bar, 10 m. (A) Arrow indicates PLD1 enrichment in cell nuclei. vitch et al., 2000) . To date, three forms of human PLD have been characterized: PLD1a is a cytosolic enzyme that is tightly bound to membranes, and a shorter splice variant, PLD1b, has similar properties . PLD2, which is regulated by different signaling molecules from PLD1, is associated with the plasma membrane (Colley et al., 1997) . Both overexpressed forms of PLD1 and PLD2 have been localized to the Golgi apparatus, endosomes, lysosomes, and secretory granules; the presence of PLD in secretory granules suggests a possible function in regulated exocytosis (Brown et al., 1998) . A number of laboratories, including our own, have demonstrated the presence of an ARF-1-stimulated PLD enzymatic activity associated with Golgi membranes (Ktistakis et al., 1995; Chen et al., 1997) . Additionally, these studies also showed that the product of PLD-mediated PtdCho hydrolysis, PA, functions in coat protein recruitment to Golgi membranes (Ktistakis et al., 1996) and in the budding of nascent secretory vesicles from the TGN (Chen et al., 1997) . Consequently, localization of PLD to the Golgi apparatus would be consistent with a function in regulating vesicle trafficking in the late secretory pathway; however, the localization of endogenous PLD1 to Golgi membranes or the mechanism by which different PLD isoforms are recruited to specific membranes has not been determined, in part because of the low levels of the enzyme in many cells. Furthermore, in contrast to the above results, several recent reports suggest that PLD1 is absent from the Golgi apparatus. To address the first question and resolve the controversy over its intracellular localization, we have used highly specific antibodies directed against several PLD1 epitopes together with immunoelectron and fluorescence microscopy to localize the endogenous enzyme in endocrine and nonendocrine cells. Our data demonstrated that although PLD1 had a diffuse distribution in pituitary GH 3 cells and NRK cells, both cell types exhibited areas of enhanced perinuclear staining that overlapped with Golgi markers, a result consistent with localization to the Golgi apparatus (Figures 1-4) . In agreement with the immunofluorescence data, immunogold cryoelectron microscopy ( Figure 4) confirmed the presence of PLD1 on Golgi membranes, on the plasma membrane, and in nuclei. Quantitative analysis suggested that PLD1 was present throughout the Golgi apparatus, where ϳ30% was associated with cisternal rims (our unpublished results). It is noteworthy that in analyzing the overall cellular distribution of PLD1-immunoreactive gold particles, ϳ25% was present on the Golgi apparatus of GH 3 cells (Table 1) , a value very close to that found for the rat liver enzyme that cofractionated with Golgi membranes on sucrose gradient centrifugation (Figure 7) . Although similar levels of PLD1 were present in the Golgi apparatus, its plasma membrane distribution was different in GH 3 cells and rat liver (Figure 7 and Table  1 ). Given that PLD1 is a downstream effector of diverse signal transduction events (Liscovitch et al., 2000) , it is not surprising that its association with and activity on membranes would be dynamic and vary considerably in response to different stimuli and in different cells. Most Figure 6 . PLD1 enzyme activity cofractionates with the Golgi apparatus in endocrine cells. GH 3 cells were incubated with 10 Ci/ml 3 H-oleic acid for 24 h to radiolabel phospholipids, after which the cells were homogenized. The homogenate was fractionated on a floatation gradient designed to separate the Golgi apparatus from total microsomes (MATERIALS AND METHODS). (A) An aliquot of each gradient fraction was assayed for ARF-1-stimulated PLD activity in the presence of 0.3% 1-BtOH, and the products were analyzed by TLC followed by fluorography. The arrow indicates the mobility of PtdBtOH. (B) The TLC plate was scanned using a densitometer, and the band intensities corresponding to PtdBtOH were quantitated using the Image Quant program (Siddhanta et al., 2000) . An aliquot of each gradient fraction was also assayed for protein concentration. Hatched bars, PLD activity expressed as pixel intensity per milligram protein. Dashed line, distribution of total protein (mg/ml). TGN38 is concentrated in fractions 2 and 3 (Austin and Shields, 1996) . Intracellular Localization of PLD1 Vol. 12, April 2001 importantly, the similarity of PLD1 Golgi distribution in pituitary GH 3 cells and rat liver and its determination by independent experimental procedures further strengthens our conclusions that the enzyme is associated with the Golgi apparatus.
Inhibition of PA synthesis by treatment with low concentrations of primary alcohols leads to diminished PtdIns(4,5)P 2 synthesis and fragmentation of the Golgi apparatus (Siddhanta et al., 2000) . We exploited this observation to demonstrate further the Golgi association of PLD1 (Figure 1 ). When cells were treated with 1-butanol, the Golgi apparatus was fragmented completely, and most of the immunoreactive PLD1 dissociated from the mannosidase II-localized membrane fragments. A possible interpretation of these observations is that in addition to PtdIns(4,5)P 2 being a cofactor for PLD enzyme activity (Pertile et al., 1995) , it mediates the enzyme's membrane association via a putative PH domain (Hodgkin et al., 2000) . Consequently, in the presence of diminished PtdIns(4,5)P 2 levels, PLD1 binding would be weakened and dissociate from the Golgi membranes. In contrast, when cells were treated with nocodazole, which causes fragmentation of the Golgi apparatus via depolymerization of microtubules (Yang and Storrie, 1998) , the localization of PLD1 mirrored that of the disrupted Golgi fragments ( Figure 5 ). This suggests that microtubules per se are not required for PLD membrane binding.
In agreement with Ktistakis et al. (1995) , during sucrose gradient centrifugation, PLD was localized to and its specific activity was enriched in fractions corresponding to Golgi membranes (Figures 6 and 7) . Together, these observations confirm previous results from our laboratory and others demonstrating PLD activity in isolated Golgi membranes (Liscovitch et al., 1999) . Most importantly, the data are consistent with a function of PLD in Golgi vesicle budding. To exclude possible artifacts of cell fractionation, we used different gradient centrifugation techniques to isolate Golgi membranes from distinctly different cell types: a rat pituitary somatomammotrope cell line and rat liver. In both cases, immunoreactive PLD1 was evident in the Golgi fractions, and PLD enzymatic activity was also present in Golgi membranes isolated from pituitary GH 3 cells. When rat liver was used, our cell fractionation data showed significant levels of PLD1 in both the Golgi fractions and plasma membrane (Figure 7 ). Our present and earlier results (Ktistakis et al., 1995; Chen et al., 1997) differ from those of Jones et al. (2000) , who reported only minor levels of ARF-1-stimulated PLD activity in Golgi membranes; most likely these discrepancies are related to the procedures used for organelle isolation.
In contrast to the above findings, when GFP-or HAtagged PLD1 were overexpressed, the enzyme was localized to several organelles, including lysosomes and secretory granules; little if any was detected in the Golgi apparatus (Brown et al., 1998; Toda et al., 1999) . Our data confirmed these findings when HA-tagged PLD1 was overexpressed in NRK cells and demonstrated that the distribution of the enzyme was significantly different from endogenous PLD1 (Figure 8 ). On the basis of our data, we speculate that transient overexpression of PLD Figure 7 . PLD1 cofractionates with the Golgi apparatus and plasma membrane in rat hepatocytes. A postnuclear supernatant from a rat liver homogenate was loaded onto a step gradient containing the indicated concentrations of sucrose (Slusarewicz et al., 1994) . Gradients were centrifuged in a Beckman SW28 rotor for 2 h at 100,000 ϫ g. One milliliter fractions were collected, and an aliquot of each was analyzed by SDS-PAGE followed by transfer to PVDF membranes that were immunoblotted with antisera to PLD1 (P1-P4), TGN38, connexin43, or Rab5. An aliquot of each fraction was also assayed for sialyl transferase activity (filled bars) (Xu and Shields, 1993) . Ordinate, Percent of total sialyl transferase activity in each fraction. chimeras most likely saturated membrane binding sites, leading to mislocalization of the enzyme. It is possible that PLD overexpression was toxic, resulting in high levels of PA synthesis in inappropriate organelles. Such cells might compensate by degrading the enzyme via the lysosomal compartment. In agreement with this idea, both Brown et al. (1998) and Toda et al. (1999) found significant levels of PLD1 colocalized with lysosomes. In this context, it is noteworthy that it has been particularly difficult to generate stable cell lines expressing exogenous PLD, possibly as a consequence of PA toxicity (Frohman, unpublished observations) .
Strikingly, in GH 3 cells, PLD1-immunostaining was also evident in the nucleus (Figure 1) . Although previous work has demonstrated PLD enzyme activity in cell nuclei (Balboa et al., 1995; Baldassare et al., 1997; Martelli et al., 1999) , its localization had not been shown. Interestingly, collapse of the Golgi apparatus in response to BFA altered PLD localization to the ER and significantly enhanced its nuclear staining ( Figure 5 ). This observation contrasts with that of Toda et al. (1999) , who reported little effect of BFA on the localization of HA-PLD1b in NRK cells. Nevertheless, in agreement with our results, the data of Toda et al. (1999) showed that in some cells there was redistribution of PLD1b to the nuclear envelope and nucleoplasm. It is unclear why nuclear PLD1 staining was enhanced after pretreatment of cells with BFA. The close proximity of the ER to the nucleus may foster association of PLD1 with the nuclear envelope or stimulate its nuclear translocation; however, given its large size (1074 amino acids) and propensity for membrane association, it is highly unlikely that PLD1 would diffuse into the nucleus. Interestingly, phosphoinositides have been detected in nuclei, and their synthesis uses enzymes that appear to be similar or identical to the cytoplasmic counterparts (Boronenkov et al., 1998) . These authors demonstrated that several phosphatidylinositol kinases and PtdIns(4,5)P 2 were associated with "nuclear speckles," which have been implicated in pre-mRNA processing. Because type I PtdIns(4P) 5-kinase activities are stimulated by phosphatidic acid (Jenkins et al., 1994; Siddhanta et al., 2000) , our observations of PLD1 immunoreactivity in nuclei suggests that this enzyme might function in mRNA processing via regulation of PtdIns(4,5)P 2 synthesis. Currently, we are investigating this possibility.
